This paper reports a novel microfluidic worm immobilization device that enables, for the first time, automated, high-speed microinjection of the nematode worm Caenorhabditis elegans. The microfluidic device, integrated with an automated robotic system, is capable of sequentially loading, immobilizing, injecting, and sorting C. elegans with minimal human intervention. Using the device, we demonstrate an injection speed of 6.6 worm/min and a pre-sorting success rate of 77.5% (post-sorting: 100%), both much higher than the performance of manual operation (speed: 1 worm per 4 min; success rate: ~30%).
INTRODUCTION
The nematode worm C. elegans has long been a popular model organism in many fields of biological studies including development, genetics, aging, neuroscience, among others [1] . Microinjection, as an established tool, has been widely used for creating transgenic C. elegans or delivering interested chemicals into the worm body for whole-animal drug screening; however, complicated and inconsistent manual operations are still unavoidable, leading to low throughput and uncertainties in results [2] . To inject a C. elegans, it must be first immobilized for subsequent worm body penetration by a micropipette. The conventional manual immobilization on an agarose plate is time-consuming and can easily damage the worm due to longtime, less-controlled manual immobilization. These limitations of manual injection significantly restrict the use of microinjection technique in large-scale, worm-based studies. Thus, the development of new engineering tools for automated worm injection is highly desired.
Recently, microfluidic devices have significantly facilitated C. elegans handling and advanced variety kinds of worm biology research [3] [4] [5] . Several microfluidic devices have been reported for immobilizing worms in enclosed channels [4, 5] , but they do not allow a micropipette to access the worm body for injection. Two microfluidic devices with open windows have also been reported for facilitating conventional manual worm injection; however, they lack on-chip pneumatic valves for continuous worm loading, and no automated worm injection was demonstrated. In addition, a worm immobilization method based on sol-gel transition of a worm-carrying hydrogel was used to immobilize worms for imaging and injection [6] . The process of sol-gel transition is relatively slow and thus unsuitable for use in automated worm injection.
In this paper, we present a pneumatic-valve-regulated microfluidic device for automated loading, immobilization, and microinjection of C. elegans. The device design allows individual worms to be sequentially loaded into a microchannel, and the worm handling process is automatically controlled by on-chip pneumatic valves. The microfluidic device is integrated with a robotic system, and custom-made control software coordinates operations of the whole system for full automation. As a proof-of-concept experiment, we use the system to inject 40 worms from a single run and characterize the system performance. The system demonstrates an injection speed of 6.6 worm/min and a pre-sorting success rate of 77.5% (post-sorting: 100%), both much higher than the performance of manual operation (speed: 1 worm/4 min; success rate: ~30%).
EXPERIMENTAL Device Design and Fabrication
The device, as schematically shown in Fig. 1A , includes two layers of microchannels: the top fluid-channel layer (blue; with rectangular cross-sections) for worm immobilization, and the bottom pneumatic-valve layer (red) for regulating flows in the top layer. On the top layer, a worm loading chamber with a pillar array inside is used for filtering out debris in fluid when loading worms, and an immobilization channel (30 μm wide) for securely immobilizing a young adult worm (30-40 μm in diameter). Once a worm is loaded into the immobilization channel, the fluid resistance of the immobilization channel is significantly increased and thereby the pressure drop at the inlet of the immobilization channel becomes low (Fig. 2) , keeping the second worm from loading. An injection channel (420 μm wide) is connected to the immobilization channel, and has an open end that allows a micropipette to reach the immobilized worm. A row of micro-pillars is arranged on one-side wall of the immobilization channel, which restricts the worm from swimming into the injection channel. Two downstream sorting channels collect the successfully-injected worms into the worm collect outlet.
The microfluidic device was fabricated via standard multilayer soft lithography. Briefly, master molds of the flow-channel layer and the control-valve layer were fabricated through photolithography using SU 8-2050 photoresist (45 μm thick) and SU 8-2015 photoresist (20 μm thick), respectively. Both molds were treated with (tridecafluoro-1,1,2,2-tetra-hydrooctyl)-1-trichlorosilane via chemical vapor deposition to prevent the adhesion of molded PDMS to the mold surfaces. PDMS mixture (5:1 ratio) was then poured to the flow-channel mold and degassed for 60 min. Another pre-degassed PDMS mixture (20:1 ratio) was spin coated on the control-valve mold at a speed of 1500 rpm for 30 seconds to generate a ~100 μm thick control-valve layer. Both layers were partially cured at 80 °C for 20 min. After punching holes in the flow-channel layer, we manually aligned and bonded the two layers under a stereo microscope, and cured the bonded PDMS slab at 80°C for overnight. To form sealed control-valve channels, the fully cured double-layer PDMS slab was finally bonded with a 25 mm × 75 mm glass slide using oxygen plasma.
Microfluidic Device Operation
Multiple pneumatic valves are employed to control the flows in the top-layer channels and close the injection channel during worm loading. For first loading a worm, the entrance and waste valves (Fig. 1B) are fully opened, while the exit valve (Fig. 1B) are maintained partially closed to allow fluid passes but keep the worm from swimming through. All other valves are kept closed. Thus, worm can be directed by a pressure-driven flow into the immobilization channel. Once the presence of a worm in the channel is detected by an image processing algorithm, the entrance valve and the driving pressure applied to the inlet are automatically closed to minimize fluidic fluctuation and allow the worm to be stably immobilized for injection. The injection valve is then opened to allow the micropipette to inject the worm body. The robotic system allows an operator to choose the injection location on the worm body via computer mouse clicking on a computer screen. During injection, the operator observes the worm body and indicates, through a computer keyboard, to the robotic system whether the current injection is successful. We experimentally proved that a reliable indicator for successful injection is that the worm body slightly expands along its length upon material delivery. After injection, the injection valve is closed and the exit valve is opened. For post-injection worm sorting, either the worm collecting or waste valve is opened, based on the operator's feedback on whether the current worm is injected successfully or not. The flush valve and the flush flow (from the flash inlet) are finally triggered to flush the injected worm out of the immobilization channel. This injection process is repeated until all the worms loaded to the inlet are injected.
Experimental Setup
The proposed robotic worm injection system, as shown in Fig. 3A , is mainly built upon an inverted microscope with several external instruments. Compressed nitrogen gas is used to pressurize the on-chip valves and the microinjector. A custom-made solenoid valve controller is used to automatically operate the on-chip valves. The microfluidic device is mounted on a motorized XY stage, which positions the device under the field of view of the microscope. A glass micropipette, with a tip diameter of 5 μm, is mounted on and automatically controlled by a 3-DOF micromanipulator, and a computer-controlled, pressure-driven microinjector was connected to the micropieptte for precisely regulating the volume of the material injected into the worm body. Real-time visual feedback (25 Hz) is obtained through a COMS camera mounted on the microscope, and a host computer is responsible for running the custom-made control software for system automation. The details of the robotic system can be found in a previous report [7] .
Worm Preparation
The wild-type N2 strain of C. elegans was cultured at 20 °C based on an established method [8] . Young adult N2 worms were used in our experiments. Synchronized young adult worms were suspended in filtered M9 medium with a density of ~3000 worms/mL, and the M9 medium was mixed with Triton X-100 at 0.01% (v/v) to reduce the possible adherence of C. elegans to plastic tubing and pipette tips.
For viability tests, control and experimental groups of worms were picked from the same culture plate. The control group was kept in M9 medium for the same duration while the experimental group was injected with DI water in the microfluidic device. At 2 hours after experiment, we randomly chose 7 worms from each group and measured their pharyngeal pumping rate as the major physiological indicator of viability.
RESULTS AND DISCUSSIONS

Optimization of Experimental Parameters
To achieve stable operations of the microfluidic device, we optimized several important operation parameters through trial-and-error experiments. To guarantee reliable worm loading and avoid two worms entering the immobilization channel at the same time, we carefully examine the developmental stage of the worms to be injected and ensured all the young adult worms to have very similar sizes. We also investigated the effect of the micropipette tip size and experimentally determined an effective tip size of 5 μm. We found that micropipettes with tips smaller than 5 μm (e.g., 2-3 μm) were prone to be bent during worm body penetration, and that micropipettes with much larger tips than 5 μm (e.g., 8-10 μm) did not penetrate the worm body efficiently. We also experimentally determined an effective penetration/retraction speed of 5000 μm/s of the micropipette, which yielded the minimal worm body lysis and the highest post-injection survival rate.
Characterization of Worm Injection Performance
Before the injection experiment, we first confirmed that the worm body expansion is a reliable indicator for successful injection. We injected 85 pL of fluorescein isothiocyanate (FITC) dye into a worm and then immediately observed its body using a fluorescence camera. We found that the worm body expanded along its length upon material delivery. The fluorescence imaging shows that the fluorescence intensity of the worm body is much higher in the proximity of injection location (Fig. 5B) , indicating that the fluorescent dye had been successfully injected into the worm body. We repeated this examination for 20 worms, and did not found any false positive case (that is, a worm expanded upon material delivery but no fluorescent dye was observed in the worm body). These results demonstrate that the worm body expansion is a solid indictor for successful injection and can be used for following injection experiments.
To evaluate the injection efficiency of the microfluidic device, we performed automated injection of 40 worms (from a single batch) using DI water (injection volume: 85 pL), and characterized two performance parameters: (i) injection speed (defined as the number of injected worms per unit time); and (ii) success rate (defined as ratio of the number of the successfully injected worms to the total number of injected worms). We achieved an injection speed of 6.6 worm/min and a pre-soring success rate of 77.5%. Both parameters were much higher than the performance of manual operation (speed: 1 worm per 4 min; success rate: ~30%). Since the microfluidic device sorted the successfully injected worms to the worm collection outlet, the post-sorting success rate of the device is 100%. The only injection failure mode is that no worm body expansion was observed during injection. Possible reasons for these failures include temporary clogging of the micropipette by worm body debris and misalignment of the vertical positions of the micropieptte tip and worm body center.
The high-speed characteristic of our worm injection system is mainly contributed by the automated, high-speed worm loading, immobilization, and flushing on the microfluidic device. Further increase of the injection speed can be possibly achieved by developing a pattern recognition algorithm for automatically identifying the injection location of the worm body. In this regard, certain challenges exist since the worm orientation along the dorso-ventral body axis in the microchannel is random. The success rate could be further enhanced through addressing the clogging issue of the micropipette and minimizing the vertical misalignment of the micropipette tip and the worm body.
Post-Injection Viability Test
To test the biocompatibility of the microfluidic device, we measured the pharynx pumping rate of the injected worms, which is a widely-used quantitative indicator for the physiological condition of C. elegans. As shown in Fig. 6 , there is no significant difference in the pharynx pumping rate measured from the experimental and control groups. The pumping rate ranges of 240-280 pumps/min from both groups are in good agreement with values reported in previous studies [9] , indicating that our device and the automated injection are unlikely to induce adverse effects on the physiological condition of injected worms.
CONCLUSIONS
In this paper, we reported a microfluidic device capable of rapid loading, immobilization, injection, and sorting of C. elegans with an injection speed of 6.6 worm/min and a pre-sorting success rate of 77.5%. Different from existing microfluidic devices for C. elegans injection, this device requires minimal human intervention, is operated automatically, and provides significantly improved injection speed and success rate over conventional manual operation. The automated injection system we developed also allows for real-time, online monitor of the injection experiment by a user and gives much freedom to the user to decide the injection location, which makes the device operation more straightforward and efficient. We believe that this device holds great potential to change the way how C. elegans is injected and thus significantly facilitate worm biology studies that routinely involve worm injection experiments.
